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Assigning the Positional Identity of Spinal Motor
Neurons: Rostrocaudal Patterning of Hox-c
Expression by FGFs, Gdf11, and Retinoids
phogenetic protein (BMP) and Hedgehog signaling
(Briscoe and Ericson, 2001; Lee and Jessell, 1999). The
secretion of Sonic hedgehog (Shh) from the notochord
and floor plate is critical for the patterning of ventral cell
types (Briscoe and Ericson, 2001; Patten and Placzek,
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and Thomas M. Jessell1,4
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2000). Shh signaling controls ventral neuronal fates byColumbia University
regulating the expression profile of homeodomain (HD)701 West 168th Street
proteins that determine the positional identity of postmi-New York, New York 10032
totic neurons (Briscoe and Ericson, 2001).2 Department of Genetics and Development
The mechanisms that establish the identity of neu-Columbia University
ronal subtypes along the R-C axis of the spinal cord are701 West 168th Street
less well defined. Interneuron subclasses are typicallyNew York, New York 10032
generated along the entire R-C extent of the spinal cord,3 Department of Neuroscience
whereas developing motor neurons (MNs) exhibit markedUniversity of Virginia School of Medicine
R-C differences in identity. Two major distinctions in theLane Road Extended
R-C identity of spinal MNs have been defined throughCharlottesville, Virginia 22908
studies of their position, axon trajectory, and pattern
of muscle innervation (Landmesser, 2001). One is the
allocation of MNs to discontinuous columnar divisions:Summary
thus lateral motor column (LMC) neurons are generated
only at limb levels, whereas visceral MNs are generatedSubclasses of motor neurons are generated at differ-
at thoracic levels (Hollyday, 1980a, 1980b; Landmesser,ent positions along the rostrocaudal axis of the spinal
1978a, 1978b). A second distinction is evident in the forma-cord. One feature of the rostrocaudal organization of
tion of pools of MNs that occupy distinct R-C positionsspinal motor neurons is a position-dependent expres-
within the LMC, each pool innervating a different targetsion of Hox genes, but little is known about how this
muscle (Hollyday, 1980a; Landmesser, 1978b). These dis-aspect of motor neuron subtype identity is assigned.
tinctions in the R-C positional identity of MNs have beenWe have used the expression profile of Hox-c proteins
linked to the expression of transcription factors (Jessell,to define the source and identity of patterning signals
2000). Columnar subclasses of MNs can be delineated bythat impose motor neuron positional identity along
the profile of LIM-HD protein expression (Tsuchida et al.,the rostrocaudal axis of the spinal cord. We provide
1994), and MN pools can be recognized by the expressionevidence that the convergent activities of FGFs, Gdf11,
of ETS proteins (Lin et al., 1998). Furthermore, geneticand retinoid signals originating from Hensen’s node
studies have begun to provide evidence that LIM-HD andand paraxial mesoderm establish and refine the Hox-c
ETS proteins regulate the subtype identity and patternpositional identity of motor neurons in the developing
of connectivity of developing MNs (Sharma et al., 1998;spinal cord.
Kania et al., 2000; S. Arber, personal communication).
An additional R-C distinction in MN identity, superim-Introduction
posed upon programs of column and pool organization
is evident as a graded positional value that is linked toDeveloping neurons possess positional identities that
the topographic projections of somatic and visceral MNs
permit them to form selective connections with target
within their target fields (Forehand et al., 1994; Laskow-
cells. In the vertebrate central nervous system (CNS),
ski and Sanes, 1987). The only known molecular corre-
neurons acquire their positional identity in response to late of this graded R-C positional identity of MNs is the
the spatially restricted actions of extrinsic signaling fac- expression of members of the Hox gene family (Belting
tors. Typically, these factors act by inducing the expres- et al., 1998; Ensini et al., 1998; Lance-Jones et al., 2001).
sion of transcription factors that impose the identity of Moreover, there is emerging functional evidence that
their neuronal progeny. In this view, the position that a Hox genes control the projection patterns of motor ax-
progenitor cell occupies in the neural tube is a critical ons. Inactivation of members of the Hox-c and Hox-d
determinant of its later neuronal identity. Details of the gene clusters leads to alterations in motor innervation
signaling pathways by which neurons acquire positional of specific muscles in the limb (Carpenter et al., 1997;
identity, however, remain poorly defined. de la Cruz et al., 1999; Tiret et al., 1998), and in the
The steps that link neuronal position and identity have developing hindbrain, Hox-a and Hox-b genes control
been explored in the developing spinal cord. Here, neu- the identity and axonal trajectory of cranial MNs (Bell
ronal patterning appears to be regulated by signaling et al., 1999; Gavalas et al., 1997; Jungbluth et al., 1999;
systems that operate along the dorsoventral (D-V) and Studer et al., 1996).
rostrocaudal (R-C) axes of the neural tube (Lumsden Despite evidence for Hox-based R-C positional differ-
and Krumlauf, 1996; Tanabe and Jessell, 1996). The D-V ences in MN identity, the extrinsic signals that control
pattern of neuronal generation depends on bone mor- Hox gene expression in the spinal cord have not been
defined. Grafting studies in chick embryos have pro-
vided evidence that the positional identity of spinal MNs,4 Correspondence: tmj1@columbia.edu
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as well as the pattern of Hox gene expression, can be detected in the lumbar spinal cord (Figures 1B and 1C).
These results extend previous studies (Belting et al.,respecified soon after neural tube closure by signals
derived from the paraxial mesoderm (Ensini et al., 1998). 1998; Ensini et al., 1998), and provide evidence that
developing spinal MNs exhibit R-C identities that canSimilarly, in the hindbrain, signals from the paraxial
mesoderm have been implicated in the regulation of Hox be defined by their Hox-c expression profile.
gene expression (Grapin-Botton et al., 1997; Itasaki et
al., 1996). Nevertheless, it remains unclear whether sig- Early Specification of the Neural Pattern
nals from the paraxial mesoderm are sufficient to estab- of Hox-c Expression
lish the R-C positional identity of MNs. In the lumbar To examine how the R-C identity of spinal MNs is estab-
spinal cord, for example, the developmental profile of lished, we assayed the timing of specification of Hox-c
Hox-d gene expression cannot easily be accounted for expression in chick neural tissue in vitro. We first ana-
by signals from the paraxial mesoderm (Lance-Jones et lyzed the profile of Hox-c expression in neural explants
al., 2001). isolated from different R-C positions of the neural tube
In this study, we have examined the factors that estab- in 14 to 15 somite stage (s) embryos. Ventral neural
lish the graded R-C positional identity of MNs, through tissue positioned caudal to the most recently formed
an analysis of Hox-c protein expression. Our findings somites and rostral to Hensen’s node (HN) was isolated
indicate that the convergent activities of three classes together with prospective or definitive floor plate cells,
of extrinsic signals—FGFs, Gdf11, and retinoids— to provide a source of Shh to initiate spinal MN genera-
appear to be involved in establishing the Hox-c posi- tion (Ericson et al., 1996). Neural tissue was subdivided
tional identity of spinal MNs. into five R-C domains, each domain was cultured in vitro
for 66 hr (to the equivalent of HH stages 24–25), and then
assayed for Hox-c expression (Figure 2A). The positionalResults
fate of neural cells in these five domains was determined
in vivo (see Experimental Procedures).Rostrocaudal Expression of Hox-c Proteins
in the Developing Spinal Cord Cells in neural explants fated to populate caudal cervi-
cal levels expressed Hoxc6, but not other Hox-c proteinsTo generate markers that define the positional identity
of MNs along the R-C axis of the developing spinal cord, (Figure 2B). Cells in neural explants fated to give rise to
rostral brachial levels expressed Hoxc6 and low levelswe raised antibodies against Hoxc5, Hoxc6, Hoxc8,
Hoxc9, and Hoxc10. These antibodies were used to de- of Hoxc8, but not Hoxc9 or Hoxc10 (Figure 2B). Neural
explants fated to give rise to caudal brachial levels con-fine the temporal and spatial pattern of Hox-c expres-
sion in the embryonic chick spinal cord. tained many Hoxc6 and Hoxc8 cells, a few Hoxc9
cells, but no Hoxc10 cells (Figure 2B). Neural explantsTemporal Pattern
The neural expression of Hox-c proteins was first de- fated to give rise to rostral thoracic levels expressed
fewer Hoxc6 and many Hoxc8 and Hoxc9 cells, buttected at HH stage 14, when low levels of Hoxc8, Hoxc9,
and Hoxc10 were expressed in a few cells in the caudal no Hoxc10 cells (Figure 2B). Cells in neural explants
fated to populate caudal thoracic levels of the neuralneural tube (data not shown). From HH stages 16 to
22, the peak period of MN generation (Hollyday and tube expressed low levels of Hoxc6, higher levels of
Hoxc8 and Hoxc9, but not Hoxc10 (Figure 2B). TheseHamburger, 1977), the expression of Hoxc5, Hoxc6,
Hoxc8, Hoxc9, and Hoxc10 was restricted primarily to caudal thoracic explants contain Hoxc6 and Hoxc8
cells, even though the spinal cord at this level in vivoIsl1(2), HB9 MNs (Figure 1A; data not shown). Newly
differentiated MNs are located medially, and these neu- lacks expression of both proteins (Figures 1B and 1C),
an issue we return to below. No expression of Hoxc5rons lacked Hox-c expression (Figure 1A; data not
shown), indicating that the onset of Hox-c expression was detected in any of these explants (data not shown).
Many Hox-c cells were MNs, as assessed by coexpres-occurs after MNs have left the cell cycle. Hox-c expres-
sion in MNs persisted at HH stage 24, close to the end sion of Isl1(2), although Hox-c proteins were also de-
tected in other cell types, as in vivo (Figure 2C; data notof MN generation, and at this stage expression was also
detected in other cell types (Figure 1C). From HH stages shown). The expression of each of these Hox-c proteins
was first detected between 24 hr–48 hr (data not shown),24 to 28, the expression of Hox-c proteins, notably
Hoxc8 and Hoxc9, became restricted to columnar sub- a timing consistent with their onset of expression in vivo.
Thus, neural Hoxc6 to Hoxc10 expression patterns insets of MNs (Supplemental Figure S1 at http://www.
neuron.org/cgi/content/full/32/6/997/DC1). chick embryos are specified by the 14s stage.
We also monitored the Hox-c profile of MNs generatedSpatial Pattern
We next analyzed the pattern of Hox-c expression in in neural plate tissue isolated from 5s, 10s, and 20s (HH
stages 8, 10, and 13) embryos (Figures 3A, 3C, andMNs at different R-C levels of the spinal cord, from
HH stages 16 to 24. Over this period, different Hox-c 3E). Ventral neural tissue located anterior to HN in 5s
embryos is fated to populate rostral cervical levels, andproteins were expressed in restricted R-C domains. At
HH stage 24, Hoxc5 was detected throughout the cervi- none of the MNs generated in these explants expressed
Hoxc6, Hoxc8, Hoxc9, or Hoxc10 (Figures 3A and 3B).cal spinal cord, with a posterior limit of expression in
the rostral brachial spinal cord (Figures 1B and 1C). Ventral neural tissue isolated from the region anterior
to HN in 10s embryos is fated to populate rostral brachialHoxc6 was detected from caudal cervical levels into the
brachial region (Figures 1B and 1C). Hoxc8 was detected levels, and MNs in these explants expressed Hoxc6 and
Hoxc8, but not Hoxc9 or Hoxc10 (Figures 3C and 3D;from the mid-brachial to the mid-thoracic levels (Figures
1B and 1C). Hoxc9 was detected from caudal brachial data not shown). Ventral neural tissue isolated from the
region anterior to HN in 20s embryos is fated to populatethrough thoracic levels (Figures 1B and 1C). Hoxc10 was
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Figure 1. Hox-c Expression in Developing Spinal MNs
(A) Hoxc9 and HB9 expression in the spinal cord of HH stage 16–20 embryos. Arrowheads indicate Hoxc9 cells. Left side shows expression
of Hoxc9, and right side Hoxc9 (red) and HB9 (green).
(B) R-C domains of Hoxc5 to Hoxc10 in the spinal cord of HH stage 24 embryos. Numbers in circles indicate somite level. C  cervical, B 
brachial, T  thoracic, and L  lumbar levels.
(C) Expression of Hoxc5 to Hoxc10 at different levels of HH stage 24 embryos. Left side shows individual Hox-c proteins, and right side Hox-c
(red) and Isl1(2) (green). “d” indicates dorsal root ganglion.
Scale bar: 100 m.
rostral lumbar levels, and MNs generated in these ex- Induction of Neural Hox-c Expression
by Hensen’s Nodeplants expressed Hoxc9 and Hoxc10, but not Hoxc6 or
Hoxc8 (Figures 3E and 3F). No expression of Hoxc5 was The early specification of neural Hox-c pattern led us
to examine the origin of signals that establish this aspectdetected in these explants (Figures 3D, 7A, and data
not shown). Thus, with the exception of Hoxc5, the R-C of MN positional identity. Previous studies have pro-
vided evidence that the pattern of Hox expression isprofile of Hox-c expression in MNs and other cell types
appears to be specified soon after neural plate for- modifiable around the time of neural tube closure (Ensini
et al., 1998; Lance-Jones et al., 2001). We reasoned thatmation.
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Figure 2. Expression of Hox-c in Neural Explants In Vitro
(A) Cells in neural tissue caudal to the somites and rostral to HN in 14s embryos populate cervical to thoracic regions of the spinal cord. (C 
cervical, Br rostral brachial, Bc caudal brachial, Tr rostral thoracic, Tc caudal thoracic). Ventral neural tissue including the floor plate
(vf) was cultured for 66 hr.
(B) Expression of Hoxc6 to Hoxc10 in explants from (A).
(C) A Tr (Nrt) explant generates Hoxc, Isl1(2) cells. Panels i and iv are the same section labeled with Hoxc6, Hoxc10, and Isl1(2). Panels ii
and iii are the same section labeled with Hoxc8, Hoxc9, and Isl1(2). Arrowheads indicate Hoxc8, Hoxc9 MNs.
Scale bar: 50 m.
neural plate tissue fated to give rise to rostral cervical assays to define the source of Hox-c patterning activity.
We also assayed the coexpression of Hox-c and Isl1(2)levels, and lacking expression of Hoxc5 to Hoxc10 in
vitro (Figures 3A and 3B), might still be competent to proteins to test whether the Hox-c expression pattern
reflects MN positional identity and, in addition, deter-respond to extrinsic signals that impose a more caudal
Hox-c identity. We therefore used ventral neural ex- mined the total number of Isl1(2) MNs (Table 1).
From HH stage 6 onward, prospective spinal cordplants isolated from the rostral cervical level of 5s to 6s
embryos (termed Nrc explants) (Figures 3A and 3B) in cells lie close to the rostral primitive streak and HN
Hox-c Expression and Motor Neuron Patterning
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Figure 3. Hoxc6 to Hoxc10 Expression Is Specified at Neural Plate Stages
(A) Neural tissue located rostral to HN in 5s embryos populates rostral cervical levels of the spinal cord. Ventral neural plate (Nrc) tissue was
cultured for 72 hr.
(B) Nrc explants do not express Hoxc6 to Hoxc10. Panels ii and iii are the same section labeled with Hoxc8, Hoxc9 and Isl1(2).
(C) Neural tissue located rostral to HN in 10s embryos populates rostral brachial levels. Ventral neural plate (Nrb) tissue was cultured for 68 hr.
(D) Nrb explants cultured in vitro express Hoxc6 and Hoxc8. Panels i and ii are the same section labeled with Hoxc5, Hoxc6, and Isl1(2). Panels
iii and iv are the same section labeled with Hoxc8, Hoxc9, and Isl1(2).
(E) Neural tissue located rostral to HN in 20s embryos populates rostral lumbar levels. Ventral neural plate (Nrl) tissue taken from this region
was cultured for 60 hr.
(F) Nrl explants express Hoxc9 and Hoxc10. Panels i and iii are the same section labeled with Hoxc6, Hoxc9 and Isl1(2). Panels ii and iv are
the same section labeled with Hoxc8, Hoxc10, and Isl1(2).
Scale bar: 50 m.
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Concentration-Dependent InductionTable 1. Motor Neuron Number in Neural Explants Exposed
of Hox-c Expression by FGFsto Different Factors
Several fibroblast growth factor (FGF) genes, includingExplants  Reagents Isl1 (2) Cells/Section
Fgf2, Fgf3, Fgf4, and Fgf8, are expressed in HN and in
Nrc 58  11 the adjacent primitive streak (Crossley and Martin, 1995;
Nrc  Fgf2 5 ng/ml 114  15 Mahmood et al., 1995a; Niswander and Martin, 1992;
Nrc  Fgf2 25 ng/ml 153  11 Riese et al., 1995), leading us to analyze the Hox-c-Nrc  Fgf2 125 ng/ml 184  16
inducing activity of FGFs. Fgf8 is expressed in HN, primi-Nrc  Fgf2 625 ng/ml 50  4
tive streak, and the tail bud over the time that the spinalNrc  5sHN 146  15
Nrc  15sHN 45  7 Hox-c expression pattern is established, and the level
Nrc  15sHN  SU5402 12.5 M 46  18 of expression of Fgf8 in HN and tail bud appeared to
Nrc  Gdf8 10 ng/ml 33  3 increase from the 6s to16s stages (Supplemental Figure
Nrc  Fgf2 25 ng/ml  Gdf8 10 ng/ml 143  22 S2 at http://www.neuron.org/cgi/content/full/32/6/997/Nrc  Gdf8 40 ng/ml 43  8
DC1). In 16s stage embryos, Fgf8 expression was alsoNrc  Fgf2 25 ng/ml  Gdf8 40 ng/ml 102  9
detected in caudal regions of the notochord (Supple-Nrc  RA 0.1 M 114  22
Nrt 98  8 mental Figure S2). We therefore tested whether FGF8,
Nrt  Fgf2 5 ng/ml 209  44 or other FGFs with similar activity, mimic the ability of
Nrt  Gdf8 5 ng/ml 102  15 HN to induce Hox-c expression in Nrc explants.
Nrt  RA 0.1 M 154  12 FGF8 activity requires heparin as a cofactor (Mah-
Isl1(2) MNs were counted in sections of neural explants. Each value mood et al., 1995b; Storey et al., 1998; our observations).
represents Isl1(2) cells/section from 2 to 4 explants (mean SEM). We therefore examined the Hox-c inductive ability of
FGF8-adsorbed heparin beads, when grown in contact
with Nrc explants for 72 hr. Heparin beads soaked in 11
g/ml FGF8 induced expression of Hoxc6 in cells close(Mathis et al., 2001; Schoenwolf, 1992), leading us to
to the bead, but did not induce Hoxc8, Hoxc9 ,or Hoxc10examine whether signals from these axial tissues are
(data not shown). Heparin beads soaked with 33 g/mlinvolved in the induction of neural Hox-c expression.
FGF8 induced Hoxc6, Hoxc8, and Hoxc9 (data notCells in Nrc explants grown in conjugate with HN tissue
shown), and heparin beads soaked with 100g/ml FGF8(see Experimental Procedures) were induced to express
induced Hoxc6 in distant cells, induced Hoxc8 andHoxc6, Hoxc8, Hoxc9, and Hoxc10, but not Hoxc5 (Fig-
Hoxc9 in cells nearer to the beads, and induced Hoxc10ure 4; data not shown). The precise profile of Hox-c
in cells adjacent to the beads (Supplemental Figure S3expression depended on the developmental stage at
on Neuron website). Hoxc5 was not detected in any ofwhich HN was isolated, and by inference the R-C posi-
these conditions (data not shown). These results providetion of HN. HN tissue derived from 5s to 6s embryos
evidence that FGF8 can induce Hox-c expression in Nrcinduced 50 Hoxc6 cells (Hox-c cell number/10 m
explants, and suggest that the profile of Hox-c expres-section), but no Hoxc8, Hoxc9, or Hoxc10 cells (Fig-
sion varies with the concentration of FGF8.
ure 4). HN tissue derived from 10s to 11s embryos in-
To examine the influence of FGFs on Hox-c expres-
duced 80 Hoxc6 cells, 20 to 40 Hoxc8 and Hoxc9
sion more quantitatively, we exposed Nrc explants tocells, but no Hoxc10 cells (Figure 4). HN tissue derived
defined concentrations of FGF2, an FGF that mimics the
from 14s to 15s embryos induced fewer (30) Hoxc6 activity of FGF8 in chick neural plate tissue (Muhr et al.,
cells, slightly more (30) Hoxc8 cells, many more 1999), and exhibits signaling activity in soluble form in
(120) Hoxc9 cells, and 10 Hoxc10 cells (Figure 4). the absence of heparin (Roghani et al., 1994). Exposure
HN tissue from 19s to 20s embryos induced10 Hoxc6 of Nrc explants to 5 ng/ml FGF2 induced 20 Hoxc6,
cells, 30 Hoxc8 cells, and additional Hoxc9 and Isl1(2) MNs (mean values/10 m section), but no
Hoxc10 cells (Figure 4). In all instances, many induced Hoxc8, Hoxc9, or Hoxc10MNs (Figure 5A). Exposure
Hox-c cells were MNs, as assessed by coexpression of of Nrc explants to 25 ng/ml FGF2 induced 17 Hoxc6,
Isl1(2) (Table 1; data not shown). These findings provide Isl1(2) MNs; 25 Hoxc8, Isl1(2) MNs; 36 Hoxc9,
evidence that signals from older and progressively more Isl1(2) MNs; but no Hoxc10, Isl1(2) MNs (Figure 5A).
caudally positioned HN tissue induce a correspondingly Exposure of Nrc explants to 125 ng/ml FGF2 induced
more caudal profile of Hox-c expression. 4 Hoxc6, Isl1(2) MNs; 57 Hoxc8, Isl1(2) MNs; 97
We also examined whether tissues adjacent to HN Hoxc9, Isl1(2) MNs; and 5 Hoxc10, Isl1(2) MNs (Fig-
induce neural Hox-c expression. Nrc explants were cul- ure 5A). Exposure of Nrc explants to 625 ng/ml FGF2
tured together with caudal paraxial mesoderm, noto- induced 1 Hoxc6, Isl1(2) MN; 1 Hoxc8, Isl1(2) MN;
chord, or ventral neural tissue isolated from 15s quail 20 Hoxc9, Isl1(2) MNs; and 26 Hoxc10, Isl1(2) MNs
embryos. Newly formed notochord tissue at caudal tho- (Figure 5A). FGF2 failed to induce Hoxc5 at these con-
racic level induced a few Hoxc6 cells, but did not in- centrations (data not shown; Figure 7C). These results
duce Hox5, Hoxc8, Hoxc9, or Hoxc10 cells (data provide evidence that the FGF8/FGF2 class of FGFs
not shown). In contrast, older notochord tissue at rostral mimic the ability of HN to induce patterned Hox-c ex-
thoracic levels did not induce expression of Hox-c pro- pression, and indicate that FGFs act in a concentration-
teins (data not shown). Neither paraxial mesoderm nor dependent manner that appears to reflect the age- and
ventral neural tube tissue induced expression of Hox-c position-dependent signaling activity of HN.
proteins (data not shown). Thus, Hox-c-inducing activity To test if the induction of neural Hox-c expression by
is concentrated in HN, but is also expressed transiently HN requires FGF signaling, we used SU5402, an effec-
tive inhibitor of FGF receptor 1 (FGFR1) activity (Moham-in the notochord, a derivative of HN.
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Figure 4. Induction of Neural Hox-c Expression by Hensen’s Node
Coculture of HN tissue from 5s–20s quail embryos with Nrc explants induces the expression of Hoxc6 to Hoxc10 proteins, but not Hoxc5.
Scale bar: 50 m.
madi et al., 1997; Muhr et al., 1999; Streit et al., 2000; 1999; Nakashima et al., 1999), and inactivation of Gdf11
leads to caudal-to-rostral shift in the identity of paraxialWilson et al., 2000). Conjugates of chick Nrc explants
mesodermal derivatives (McPherron et al., 1999). Weand 15s quail HN tissue were grown in the presence of
therefore examined whether Gdf11 might contribute toSU5402. The induction of neural Hoxc8, Hoxc9, and
the patterning of neural Hox-c expression. A chick Gdf11Hoxc10 expression by 15s quail HN was completely
cDNA was isolated and its pattern of expression exam-blocked by 5 M SU5402 (data not shown). At this con-
ined. Gdf11 was not expressed in chick embryos priorcentration, neural expression of Hoxc6 was not com-
to the 11s stage (Figure 6Ai), but from this stage, highpletely eliminated, but 12.5 M SU5402 completely
levels of expression were detected in HN/tail bud andblocked expression of Hoxc6 as well as of Hox8, Hoxc9,
in caudal paraxial mesoderm (Figures 6Aii–6Aiv). Thisand Hoxc10 (Figure 5B). The generation of Isl1(2) MNs
expression pattern persisted until HH stage 14 (data notin these neural explants was not affected by SU5402
shown).(Figure 5B, Table 1). These results provide evidence that
We first examined whether Gdf11, like FGFs, can inducethe expression of Hoxc6 to Hoxc10 in MNs depends on
Hox-c expression in MNs in Nrc explants. Aggregates ofFGF signals provided by HN.
HEK293 cells transfected with Gdf11 were conjugated with
Nrc explants, and Hox-c and Isl1(2) expression assayed
An Accessory Role for Gdf11 in Patterning Neural after 72 hr. Gdf11-transfected HEK293 cells did not induce
Hox-c Expression Hoxc6, Hoxc8, Hoxc9, or Hoxc10 expression in Isl1(2)
The high FGF concentration needed to induce a caudal MNs (Figure 6C; data not shown). To determine more
profile of neural Hox-c expression prompted us to exam- quantitatively the effect of this class of Gdf proteins on
ine whether FGFs account completely for the Hox-c neural Hox-c expression, we also examined the activity
patterning activity of HN. Gdf11, a member of the trans- of the closely related Gdf family member, Gdf8 (Gamer
forming growth factor  (TGF) family is expressed in et al., 1999; Nakashima et al., 1999; Lee and McPherron,
2001). Exposure of Nrc explants to 10–40 ng/ml Gdf8the tail bud region of mouse embryos (Gamer et al.,
Neuron
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Figure 5. Concentration-Dependent Induction of Hox-c Expression by FGF2
(A) Induction of Hox-c expression by FGF2 in Nrc explants. Hox-c proteins are labeled in red and Isl1(2) in green. Panels i and iv, ii and iii, v
and vii, vi and viii, x and xi, xiii and xv, and xiv and xvi are the same sections labeled with combinations of Hoxc and Isl1(2) antibodies.
Arrowheads in panels v and vii indicate Hoxc6 and Hoxc9 double-labeled MNs, and arrowheads in panels x and xi indicate Hoxc8 and Hoxc9
double-labeled MNs. Hoxc5 expression was not induced.
(B) Addition of SU5402 (12.5 M) blocks induction of Hox-c proteins in Nrc explants by 15s HN. The total number of Isl1(2) cells was not
affected.
Scale bar: 50 m.
induced virtually no Hoxc6, Hoxc8, Hoxc9, or ng/ml Gdf8 and 25 ng/ml FGF2, a 4-fold reduction in
Hoxc6 MN number and a 3-fold increase in Hoxc9Hoxc10 MNs (Figures 6D and 6E). The number of MNs
in Nrc explants was reduced in the presence of Gdf8 MN number were observed (Figures 6G and 6J). Joint
addition of 40 ng/ml Gdf8 and 25 ng/ml FGF2 virtually(Table 1), which may reflect an inhibitory influence on cell
proliferation (Kalyani et al., 1998; Lee and McPherron, abolished expression of Hoxc6 in MNs, increased the
number of Hoxc9 MNs 2-fold, and induced a few2001). Exposure of cells to Gdf8 at these concentrations
did not alter the D-V positional character of neural cells Hoxc10 MNs (Figures 6H and 6K). Together, these re-
sults provide evidence that Gdf11 enhances the ability(data not shown). Thus, Gdf11 and Gdf8 appear to have
little intrinsic Hox-c-inducing activity. of FGFs to induce a caudal Hox-c profile, thus promoting
the differentiation of MNs with a more caudal positionalWe next examined whether Gdf11/8 modulates the
Hox-c patterning activity of FGFs. Exposure of Nrc ex- identity.
plants to 25 ng/ml FGF2 alone induced Hoxc6, Hoxc8,
and Hoxc9, but no Hoxc10 MNs (Figures 6B and 6I). A Role for Caudal Mesoderm in Refining
Hox-c ExpressionNrc explants conjugated with Gdf11-transfected HEK293
cells and exposed to 25 ng/ml FGF2 exhibited a 4-fold Thoracic level neural explants isolated from 14s em-
bryos and grown in vitro aberrantly express Hoxc6 (Fig-reduction in the number of Hoxc6 cells, and an 2-
fold increase in the number of Hoxc9 cells (Figure 6F). ure 2B), raising the possibility that tissues surrounding
the neural tube normally have a role in limiting the poste-Similarly, when Nrc explants were exposed jointly to 10
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Figure 6. Regulation of Hox-c Expression by Gdfs
(A) Expression of Gdf11 in chick embryos. (i) Gdf11 is not detectable in embryos younger than 10s. (ii)–(iv) In older embryos, Gdf11 is expressed
by HN and caudal paraxial mesoderm. A low level of expression is detected in caudal neural plate. Dotted lines in (ii) indicate the levels of
cross-sections shown in (iii) and (iv).
(B–K) Quantitation of Hox-c cells in Nrc explants cultured in the presence of FGF2 and Gdfs.
rior extent of Hoxc6 expression. Since the paraxial tern of Hox-c expression in the thoracic neural tube. Addi-
tion of FGF2 (5 ng/ml) or Gdf8 (5 ng/ml) alone to Nrt explantsmesoderm has been implicated in patterning the neural
tube (Ensini et al., 1998; Grapin-Botton et al., 1997; Ita- resulted in a small reduction in the number of Hoxc6
cells and a small increase in the number of Hoxc9 cellssaki et al., 1996), we tested if signals from axial or parax-
ial mesoderm refine the caudal pattern of neural Hox-c (data not shown). The joint addition of FGF2 (5 ng/ml)
and Gdf8 (5 ng/ml) reduced the number of Hoxc6 cellsexpression. Rostral thoracic level neural tissue from 14s
chick embryos (Nrt explants, Figures 2B and 2C) was by 70% and increased the number of Hoxc9 cells
1.7-fold (Supplemental Figure S4 on Neuron website).conjugated with 14s quail caudal thoracic level paraxial
mesoderm and/or notochord. Nrt explants conjugated Many of the resulting Hox-c cells were MNs (data not
shown). Thus, at thoracic levels, FGFs and Gdf11 ex-with either paraxial mesoderm or notochord showed
only a small reduction in the number of Hoxc6 cells, pressed by notochord and posterior paraxial mesoderm,
respectively, can act together to refine the profile ofand a small increase in the number of Hoxc9 cells (data
not shown). In contrast, Nrt explants conjugated with Hox-c expression established by signals from HN.
both paraxial mesoderm and notochord led to an almost
complete loss of Hoxc6 cells, and to an 2-fold in- Retinoid Signaling from Rostral Paraxial
Mesoderm Imposes an Anterior Profilecrease in the number of Hoxc9 cells (Supplemental
Figure S4 on Neuron website). These studies suggest of Neural Hox-c Expression
Signals from HN alone are not sufficient to impose athat the combined actions of signals from thoracic level
paraxial mesoderm and notochord repress Hoxc6 and complete rostral profile of Hox-c expression since cervi-
cal level neural explants grown in the presence of eitherenhance Hoxc9 expression in the thoracic neural tube.
Since Fgf8 is expressed by posterior notochord and HN or FGFs fail to express Hoxc5. We therefore exam-
ined the source and nature of signals that confer theGdf11 by posterior paraxial mesoderm at levels flanking
thoracic neural tube, we tested if these two factors ac- profile of Hox-c expression characteristic of the cervical
level neural tube.count for the influence of mesodermal tissues on the pat-
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Figure 7. Regulation of Hox-c Expression by
Cervical Level Paraxial Mesoderm and Reti-
noids
(A) Nrc explants cultured alone do not express
Hoxc5. Addition of retinoic acid (0.1 M) in-
duces Hoxc5 expression. Many Hoxc5 cells
are MNs, as revealed by Isl1(2) expression.
Addition of retinol (1 M) induces few Hoxc5
cells.
(B) Cervical level mesoderm (Mc) alone does
not induce Hoxc5 in Nrc explants. In the pres-
ence of 1 M retinol, induction of Hoxc5 is
observed. The induction of Hoxc5 is blocked
by RAR/RXR antagonists.
(C) Induction of Hoxc5 cells in Nrc explants
by retinoids.
(D) Cervical level paraxial mesoderm and reti-
noids increase the number of Hoxc6 cells
and decrease the number of Hoxc9 cells in
Nrt explants.
Scale bar: 50 m.
To address this issue, Nrc explants were grown to- the mitogenic effect of retinoids on neural progenitors
(Sockanathan and Jessell, 1998). These results providegether with mesodermal tissue isolated from quail em-
bryos, or with candidate-inducing factors. Cervical level evidence that retinoids synthesized by the paraxial
mesoderm induce expression of Hoxc5 in MNs. To testparaxial mesoderm expresses a high level of the retinoic
acid (RA) synthesizing enzyme retinaldehyde dehydro- whether retinoid signals from paraxial mesoderm are
required for the neural expression of Hoxc5, Nrc explantsgenase-2 (RALDH-2) (Berggren et al., 1999; Nieder-
reither et al., 1997; Supplemental Figure S2B), and is a were conjugated with cervical level paraxial mesoderm
in the presence of 1 M retinol and the retinoic acidsource of retinoid signals that influence the pattern of
Hox-b expression in the hindbrain (Gould et al., 1998). receptor (RAR) and retinoid X receptor (RXR) antago-
nists LG100815 (1 M), and LG100849 (1 M) (Sockana-We tested the involvement of retinoid signaling in the
control of Hoxc5 expression by growing Nrc explants in than and Jessell, 1998). No neural expression of Hoxc5
was detected under these conditions (Figure 7B). Thesethe presence of cervical paraxial mesoderm and 1 M
retinol, a precursor of RA that permits efficient RA syn- findings provide evidence that retinoid signals from cer-
vical level paraxial mesoderm are required for the ex-thesis by paraxial mesoderm. Nrc-paraxial mesodermal
conjugates grown for 72 hr contained many Hoxc5 pression of Hoxc5 in MNs.
We next examined whether retinoid signaling fromneural cells, whereas cells in Nrc explants grown alone,
or in 1 M retinol, contained few if any Hox5 cells cervical level paraxial mesoderm also modifies the pro-
file of Hoxc6, Hoxc8, and Hoxc9 expression—Hox-c pro-(Figures 7A–7C). Nrc explants grown in the presence of
0.1 M RA without paraxial mesoderm or retinol also teins that are induced in MNs by FGF-mediated signals
from HN. We exposed explants isolated from prospec-generated many Hoxc5 cells (Figures 7A and 7C). Of
these Hoxc5 cells, 40% were Isl1(2) MNs (Figure tive thoracic levels of the neural tube (Nrt explants) to
cervical level paraxial mesoderm or to retinoids. Conju-7A, data not shown). Exposure of 5s Nrc explants to 0.1
M RA did not induce expression of Hoxc6, Hoxc8, gating 14s Nrt tissue with 14s cervical level paraxial
mesoderm led to an 2-fold increase in Hoxc6 cellsHoxc9, or Hoxc10 in MNs or other cells (data not shown),
providing evidence that retinoids do not substitute for and to a 3-fold decrease in Hoxc8 and a 6-fold de-
crease in Hoxc9 cells (Figure 7D, data not shown).FGFs in the induction of these Hox-c proteins. Exposure
of Nrc explants to retinoids produced a significant in- 14s Nrt explants grown in the presence of 0.1 M RA
exhibited an 2-fold increase in Hoxc6, Isl1(2) MNs,crease in total MN number (Table 1), consistent with
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and an 3-fold decrease in Hoxc8, Isl1(2) and and the graded signaling activity of FGFs appears to
specify many aspects of the position-dependent profileHoxc9, Isl1(2) MNs (Figure 7D, data not shown). The
ability of cervical level paraxial mesoderm to increase of neuronal Hox-c expression (Figure 9B). However, the
complete profile of neuronal Hox-c expression at cervi-Hoxc6 and decrease Hoxc8 and Hoxc9 expression was
partially blocked by addition of RA receptor antagonists cal levels of the spinal cord requires retinoid signaling
from cervical level paraxial mesoderm. The profile of(Figure 7D, data not shown). Thus, retinoid signaling
from cervical level paraxial mesoderm appears to refine Hox-c expression at caudal thoracic and rostral lumbar
levels appears to be refined by the activity of a TGFthe pattern of Hox-c expression induced in MNs by FGF
signals from HN. These findings, together with the RA- family member, Gdf11, expressed selectively at caudal
levels in HN and the adjacent paraxial mesoderm (Figuremediated induction of Hoxc5, indicate that retinoid sig-
naling from cervical level paraxial mesoderm is involved 9). We discuss these findings in the context of the contri-
butions of patterning signals from axial and paraxialin conferring a complete rostral profile of Hox-c expres-
sion to MNs in the cervical spinal cord. mesoderm in specifying the positional identity of MNs.
Patterning of Neural Hox-c Expression Hensen’s Node Signaling and the Initiation
by FGF Signaling In Vivo of Hox-c Expression
We next determined whether FGF signaling also regu- Signals from prospective axial mesodermal tissues, HN
lates neural Hox-c expression in vivo. We misexpressed and the primitive streak, appear to induce Hox-c expres-
a mutated form of the FGF receptor 1 (FGFR1*) which sion in MNs in a position-appropriate manner. Thus,
activates FGF signal transduction in a ligand-indepen- HN tissue from embryos of progressively older stages
dent manner (Hart et al., 2000). We reasoned that cells induces a profile of Hox-c expression characteristic of
that express FGFR1* should behave as if they have been progressively more caudal levels of the spinal cord.
exposed to elevated levels of FGF signaling, and thus These findings extend previous observations that HN
will undergo a rostral-to-caudal shift in their profile of has age-dependent activities in specifying the fate of
Hox-c expression. We selected an activated FGF recep- cells at midbrain and hindbrain levels of the neural axis
tor 1 for these studies since the inhibitory activity of (Kintner and Dodd, 1991; Storey et al., 1992). With the
SU5402 on Hox-c expression implicates this FGF recep- exception of Hoxc5, Hox-c inductive activity is largely
tor subtype in neural patterning. FGFR1* was expressed confined to HN and the newly formed notochord.
unilaterally at brachial and cervical levels of the neural The profile of Hox-c inductive activity exhibited by HN
tube by electroporation into 9s–12s embryos, followed coincides well with the expression pattern of FGF genes,
by analysis of neural Hox-c pattern at HH stages 20–21 notably Fgf8. FGFs act in vitro in a graded manner, with
and 24–25. higher concentrations of FGFs inducing a progressively
Expression of FGFR1* at brachial levels resulted in more caudal profile of neural Hox-c expression. Simi-
ectopic rostral expression of Hoxc9 and Hoxc10 in ven- larly, activation of FGF receptor signaling in vivo induces
tral regions of the spinal cord, coincident with local sites a rostral-to-caudal shift in the profile of Hox-c expres-
of ectopic FGFR1* expression (Figures 8C, 8D, 8G, and sion. We note that in these in vivo studies, not all ectopic
8H). Some, but not all, ectopic Hoxc9 or Hoxc10 cells Hoxc9 and Hoxc10 cells located in the ventral spinal
coexpressed MN markers. In contrast, FGFR1* expres- cord expressed MN markers, which may indicate addi-
sion suppressed the expression of Hoxc6 and to a lesser tional actions of high level FGF signaling on MN differen-
extent Hoxc8 from brachial level MNs (Figures 8E, 8E, tiation. Nevertheless, together these in vitro and in vivo
8F, and 8F). The ectopic rostral expression of Hoxc9 findings indicate that graded FGF signals derived from
and Hoxc10 elicited by FGFR1* expression was also HN are likely to initiate the neural pattern of Hox-c ex-
observed at more dorsal levels of the spinal cord (Fig- pression. Such graded signaling could be achieved by
ures 8C, 8D, 8G, and 8H). In some experiments, ectopic a stage-dependent increase in the level of FGF signaling
rostral expression of Hoxc9 and Hoxc10 could also be from HN since the level of Fgf8 expression in HN appears
detected at cervical levels of the spinal cord (data not to increase in older embryos. Alternatively, since neural
shown). Ectopic expression of an analogous wild-type cells fated to give rise to progressively more caudal
FGFR1 had no effect on Hox-c pattern (Figures 8I–8L; regions of the spinal cord are positioned close to HN
data not shown). Together, these results support the for progressively longer periods, they may be exposed
idea that FGF signaling regulates neural Hox-c pattern to the same level of FGF signaling as cells destined to
in vivo. populate more rostral regions of the spinal cord, but for
a longer period. Recent studies have provided evidence
that FGF signaling within HN promotes the proliferationDiscussion
of prospective neural cells, maintaining a progenitor cell
population throughout the period of spinal cord elonga-Hox proteins control many features of vertebrate CNS
development. In this study, we have examined the sig- tion (Mathis et al., 2001). Thus, FGF signaling within HN
may coordinate the proliferation and R-C specificationnals that establish the R-C pattern of Hox-c expression
in MNs in the developing spinal cord. Our findings indi- of spinal progenitor cells.
The onset of expression of the Hox-c proteins by spi-cate that signals derived from HN initiate the R-C pattern
of neuronal Hox-c expression, but the final pattern of nal MNs occurs after neurons have left the cell cycle, yet
our findings indicate that patterned Hox-c expression isHox-c expression appears to depend on additional sig-
nals provided by the paraxial mesoderm (Figure 9). HN specified at the time of neural plate formation. How is
the early specification of positional identity linked to thesignals appear to be mediated in large part by FGFs,
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Figure 8. Repatterning of Hox-c Expression by Constitutively Activated FGFR1 In Vivo
(A–D) Patterns of ectopic Hoxc9 and Hoxc10 expression at brachial spinal cord 48 hr after electroporation of constitutively activated FGFR1
(FGFR1*) (HH stage 20–21).
(E–H and E’–H’) 72 hr after electroporation of FGFR1* (HH stage 24–25), the induction of ectopic Hoxc9 and Hoxc10 and the repression of
Hoxc6 and Hoxc8 are evident in domains of retroviral expression at brachial levels. Some but not all ectopic Hoxc9 and Hoxc10 cells are
MNs, as assessed by Isl1(2) expression.
(I–L and I’–L’) No repatterning of Hox-c expression is evident 72 hr after electroporation of wild-type FGFR1. “d” indicates dorsal root ganglia.
Scale bars: 100 m.
expression of Hox-c proteins in MNs? In Xenopus, the of Hox-c expression evident at cervical and lumbar levels.
FGF-dependent regulation of Hox gene expression in First, neither HN nor FGFs induce the neural expression
mesodermal and neural cells involves Cdx genes (Isaacs of Hoxc5, a Hox-c protein that delineates cervical levels
et al., 1998; Pownall et al., 1996). Different members of of the spinal cord. Second, segments of the thoracic neural
Cdx gene family appear to be expressed at different R-C tube isolated after the influence of HN-derived signals
levels during early stages of chick neural development exhibit ectopic caudal expression of Hoxc6, suggesting
(Marom et al., 1997). Thus, Cdx genes are plausible me- that the normal caudal limit of Hoxc6 expression is de-
diators of FGF signaling in the regulation of Hox-c ex- fined by signals that act later than those provided by
pression within MNs. HN. Third, Hoxc10 expression is induced only at very
high FGF concentrations, suggesting that the acquisi-
tion of a caudal Hox-c profile requires additional signals.Signals from Paraxial Mesoderm Refine the Initial
One source of these additional signals appears to bePattern of Neural Hox-c Expression
the paraxial mesoderm. Paraxial mesodermal signalsMany aspects of the R-C pattern of Hox-c expression
refine the R-C pattern of neuronal Hox-c expressionin spinal MNs can be accounted for by the action of
initiated by FGF signals from the primitive streak andFGFs provided by HN. But three observations indicate
that additional signals are required to achieve the profile HN. Rostral paraxial mesoderm expresses high levels
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ences about rostralizing or caudalizing influences of reti-
noids depend on the specific domain of the neural axis
under study.
Do retinoids have an equivalent role in R-C patterning
at more caudal levels of the spinal cord? Paraxial meso-
derm at prospective thoracic levels expresses Raldh2,
but its onset of expression occurs at a later stage and
its expression level is lower than that in the cervical level
mesoderm (Berggren et al., 1999; Niederreither et al.,
1997). By the time of its caudal expression, the initial
specification of neural Hox-c expression has been es-
tablished, and there has been a marked decrease in
the competence of thoracic neural tissue to respond
to retinoid signaling with changes in Hox-c expression
(unpublished observations). At these more caudal levels,
HN and the paraxial mesoderm selectively expresses
Gdf11, a member of the TGF family. Gdf11 alone ap-
pears to have little Hox-c-inducing ability, but in con-
junction with FGF signaling, markedly alters the profile
of Hox-c expression. The prominent expression of Hoxc9
and Hoxc10 normally observed at caudal thoracic and
rostral lumbar levels of the spinal cord may therefore be
achieved through the joint exposure of neural cells to FGFs
and Gdf11. A role for Gdf11 in establishing the lumbar
character of the paraxial mesoderm has emerged from
studies of Gdf11 mouse mutants (McPherron et al.,
1999). Our studies reveal a role for Gdf11 in patterningFigure 9. Convergent Signals Establish the Rostrocaudal Pattern of
Hox-c Expression in Developing Spinal Cord the neural tube, independent of its actions on mesoder-
(A) Expression domains of Raldh2, Fgf8, and Gdf11 in 5s–6s and mal tissues, and raise the possibility that the actions of
14s–15s embryos. Gdf11 on caudal paraxial mesoderm may also reflect
(B) Summary of combinatorial actions of FGFs, RA, and Gdf11 in the modulation of FGF signaling.
specifying the R-C Hox-c profile in developing spinal cord. Low The involvement of HN signaling in establishing the spi-
concentrations of FGF induce Hoxc6 and higher concentrations
nal Hox-c expression profile may help to explain the resultsinduce Hoxc8 and Hoxc9. In the cervical spinal cord, RA induces
of in vivo grafting studies that examined the source ofHoxc5. In rostral brachial levels, RA also upregulates Hoxc6 and
inhibits Hoxc8 and Hoxc9. At more caudal levels of the spinal cord, signals that define the pattern of Hoxd10 expression
Gdf11 appears to act with FGFs to induce Hoxc10 and inhibit Hoxc6. at the lumbar spinal cord. Here, signals from paraxial
The restricted distribution of these factors along the R-C axis of the mesoderm are not sufficient to explain the neural pattern
embryo appears to establish the patterned expression of Hox-c of Hoxd10 expression (Lance-Jones et al., 2001). Our
proteins in MNs.
studies suggest that FGF and Gdf11 signals from HN
may also control Hox-d expression at lumbar levels,
in a manner similar to their role in patterning Hox-cof retinoid signaling activity (Maden et al., 1998), and
expression.retinoids rather than FGFs induce the expression of
Hoxc5 at cervical levels. Retinoid signaling also refines
the expression pattern of Hox-c proteins whose expres- Mesodermal Signaling and the Specification
of MN Subtype Identitysion is initiated by FGF signals from HN. Retinoid signal-
ing from rostral paraxial mesoderm therefore appears Our studies also provide additional insights into the con-
tributions of mesodermal signals to the specification ofnecessary to establish a cervical profile of Hox-c expres-
sion in MNs. MN subtype identity. Signals from HN and the noto-
chord, notably Shh and BMP antagonists, have beenPrevious studies have implicated early retinoid signal-
ing in establishing the generic character of the spinal implicated in the D-V patterning events that establish
the generic identity of MNs (Jessell, 2000; Liem et al.,cord (Muhr et al., 1999), and later retinoid signaling in
defining the pattern of Hox gene expression in the devel- 2000; McMahon et al., 1998). Neither Shh nor BMP an-
tagonists, however, appear to have a role in spinal MNoping hindbrain (Gavalas and Krumlauf, 2000; Nieder-
reither et al., 2000). Both activities reveal that retinoids subtype specification (Briscoe and Ericson, 2001). In-
stead, FGFs—a class of signals expressed by HN andcan exert a caudalizing influence on neural tissue. Our
studies invoke a late role for retinoids in establishing transiently by the notochord—appear to be involved in
controlling the subtype identity of spinal MNs. Theseregional identity within the spinal cord itself. Thus, para-
xial mesodermal sources of retinoids appear to act at results are consistent with the view that the specification
of neuronal identity along the D-V and R-C axes of thesequential developmental stages to impose different
R-C positional values to cells in the spinal cord and spinal cord is controlled through largely independent
signaling pathways. FGFs, retinoids, and Gdfs appear tohindbrain. In addition, in the context of spinal cord devel-
opment, they indicate that retinoids impose a rostral alter progenitor cell proliferation in addition to regulating
the Hox-c expression profile (Mathis et al., 2001; Socka-rather than caudal positional character, and thus, infer-
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(for conjugates with Nrt). Thoracic level mesoderm and notochordnathan and Jessell, 1998; this study). As a consequence,
tissues were isolated from regions anterior to HN (tail bud) in 14s–15sMN number is altered by manipulations that influence
quail embryos. Tissues were cultured in serum-free medium in aneural Hox-c expression. Nevertheless, the change in
collagen gel matrix (Liu and Jessell, 1998).
neuronal Hox-c status appears to be achieved indepen-
dently of controls on MN number. In Ovo Electroporation
Our studies have emphasized the key role of signals RIS plasmids encoding replication in competent retroviruses that
contain constitutively active FGFR1 (FGFR1*, RIS174HA) and controlfrom the primitive streak and HN in establishing the R-C
wild-type FGFR1 (RIS172HA) genes were generated using myristy-pattern of Hox-c expression. Other aspects of the R-C
lated, cytoplasmic forms of the FGFR1 gene (Hart et al., 2000) intoidentity of spinal MNs may, however, be controlled by
which an HA epitope tag was inserted. DNA (5g/l) was electropor-signals from the paraxial mesoderm. Specification of
ated into the neural tube in ovo using five pulses at 30 V; 50 ms.
the LMC columnar subdivision of MNs is controlled by Embryos were analyzed at 48 hr (HH stage 20–21) or 72 hr (HH stage
signals from limb level paraxial mesoderm that operate 24–25). The AMV-3C2 viral gag antibody made by D. Boettiger was
obtained from the Developmental Studies Hybridoma Bank.soon after neural tube closure (Ensini et al., 1998). Nei-
ther the patterns of Gdf11 nor retinoid expression at
Preparation of Secreted Factorsthese developmental stages readily explain this limb
Heparin beads (Sigma) were soaked with 11–100 g/ml FGF8b (R&Dlevel-restricted signaling activity of the paraxial meso-
system) (Storey et al., 1998) and conjugated with neural explants.derm. It is likely, therefore, that the paraxial mesoderm FGF2 (Life Technologies), SU5402 (Calbiochem), Gdf8 (provided by
provides an additional signal devoted to the allocation of S-J Lee), all-trans retinoic acid (Sigma), all-trans retinol (Sigma),
MN columnar identity. Are other features of MN subtype LG100815, and LG100849 (Ligand Pharmaceuticals, provided by S.
Sockanathan) were added at concentrations indicated.identity also controlled by mesodermal signals? Aspects
pCI-neo (Promega) plasmids containing human GDF11 and IRES-of the pool identity of MNs within the LMC, defined by
eGFP, or BMP2 pro-region with GDF11 mature region and IRES-the projection pattern of motor axons and by expression
eGFP, were transfected into HEK293 cells, selected with 1.5 mg/mlof ETS genes, can be altered by changing the positional G418, and FACS sorted for GFP expression. Sorted cells were then
relationship between limb levels of the neural tube and transfected with an SPC1 expression plasmid (Constam and Robert-
adjacent paraxial mesoderm (Lin et al., 1998; Matise son, 1999) to enhance processing to the mature GDF11 protein.
After 24 hr, aggregates of 500–1000 cells were prepared in 20 land Lance-Jones, 1996). Since in these studies grafted
hanging drops and conjugated with neural explants.regions of the neural tube are manipulated at early devel-
opmental stages, it is unclear whether the establishment
Immmunohistochemistry and Cell Countingof motor pool identity depends solely on signals from
Explant tissues in collagen matrix were fixed and prepared for cryo-
paraxial mesoderm, or can be influenced by earlier sig- section (Liu and Jessell, 1998). Details of antisera and immunohisto-
nals from HN. Nevertheless, certain motor pool charac- chemical procedures are available as Supplemental Data on Neuron
teristics, notably ETS gene expression, are dependent website.
on signals encountered by motor axons as they enter
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